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INTRODUCTION 

A reusable modular 3D type mockup fo r  use i n  the  layout of control 
and display equipmznt has long been required i n  h m n  factors work. 
design of operational hardware, i n  many cases, seldom ref lec ts  the use 
of design standards and guides which human engineering special is ts  have 
developed over a period of mny years (1 through 11). 

The 

I n  the conception, design, acceptance, and fabrication of control 
and display equipment, a def in i te  sequence of a c t i v i t i e s  takes place f r o m  
the  conception of a system t o  t h e  fabrication of the first working model. 
Figure 1 i l l u s t r a t e s  an abbreviated equipment development l i f e  cycle, 
depicting the "popular method"* and the "effective method. "* The "popular 
method" i s  one of expedience and i s  the procedure customarily used i n  the  
design and development of display and control equipment. The mili tary 
was instrumental i n  incorporating t h i s  mockup method as a prerequisite i n  
the  design and development of a l l  mili tary hardware from weapon systems 
t o  a i r c ra f t ,  and i s  s t i l l  enforcing use of mockups by writing requirements 
i n to  contracts and specifications. 

In  the  "effective method," a versat i le  mockup is  used t o  insure be t -  
ter  compliance with human engineering design principles and increase the 
probabili ty of an acceptable end product from the  user's viewpoint. The 
author fee ls  that t h i s  method has the greatest  payoff potent ia l  i n  terms 
of economy and operator acceptance. 

The important difference between the two methods i s  that the effec- 
t i v e  method uses the mockup i n  conjunction with operator acceptance 
befnre the start of the detailed equipment design, whereas, the popular 
method uses the  mockup af'ter the preliminary equipent  desigr,vhic-h later 
usually requires changes. 

The three objectives of t h i s  paper are to:  

(1) Describe the  important facets of a 313 modular mockup developed 
a t  the  NASA-Ames Research Center. 

(2)  I l l u s t r a t e  the u t i l i t y  of the 3D mockup for  configuring control 
and display equipment, and 

(3 )  Point out the specific advantages of using the 3D mockup concept 
properly i n  the  control and display equipment development cycle. 

Although the description, effectiveness, economics, and ro le  of the 3D 
m~a= ~o&G; ~ P C P ~ V ~  mjcr emphasis i n  t h i s  paper, the specif ic  
advantages of using the 3D mockup type Concept properiy i n  the t?$iipiSz% 

l i f e  cycle w i l l  be detailed in  the final portion of t h i s  paper. 

*Names given by the author. 
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The Need fo r  the  Development of the Modular 3D Mockup. 

I n  the development process of control and display equipment it has 
been known that the designers have l i t t l e  or  no knowledge of, or  d i s -  
regard, or they concoct human engineering standards and guides. Recenk 
studies have again brought. t h i s  fac t  into focus ( l2 , l3) .  These studies 
show that the designers had divergent rank ordering of operational con- 
tingencies and acceptabili ty i n  equipment design from that of the user- 
developer of an operational system with human engineering background. 
It was shown that the designers had l i t t l e  or no in te res t  i n  human fac- 
t o r s  information or  i n  the  incorporation of humn factors design c r i t e r i a  
i n  the design and development of equipment. 
basic  hurnan factors data i s  generated yearly and the  professional people 
involved i n  t h i s  f i e l d  a re  generally knowledgeable about the data and 
specif ical ly  knowledgeable of data i n  t h e i r  specialized ni tch of endeavor. 
The problem exis ts  mainly i n  the dissemination and communication of data 
t o  the designers of equipment and/or systems who a re  not aware of the 
exis t ing data, not involved with the  huIllan factors f i e l d  and thus do not 
use the  existing usef'ul data. 
information i n  the design of equipment involving a man machine interface 
is  cost ly  and, i n  extreme cases, can cause the loss  of l ives .  

An enormous quantity of 

This fa i lure  t o  use existing human factors 

To generate useful basic data i s  not enough. 

use of  existing data i n  the design or  development task.  

One mst be ingenious 
- enough t o  go a s tep f'urther and devise means of automatically forcing the 

Characteristics of the Modular 3D Mockup. 

Development of the 3D Mockup. 

A modular 3D mockup technique was deveioped i n  l966 as a ~ e t h d  f o r  
forcing (autamatically) some of the human engineering design constraints 
(e.g. : 
design of control and display equipment. A collection of existing human 
factors  anthropomorphic data from available sources (1 through 11) was 
consolidated, and the  resu l t s  showing optimum ranges and dimensions for 
equipment operators i n  the shirtsleeve condition a re  provided i n  
Figures 2 t o  10. 

optimum reach, height, viewing and control limits, etc.)  i n  the 

Figure 2. Recommended Console Dimension and Viewing Angles 

Figure 3. Recommended Console Dimensions and Panel Angles 

Figure 4. Manual and V i s u a l  Parameters for  Seated Console Operation - 
Top View 

Figure 5 .  Optimum Visual and Control Areas i n  Xeiation t o  "See-Gver" 
Console Dimension Requirements - Top View 

Figure 6. Wrap-Around Console Dimensions fo r  Seated Operation 
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Figure 7. Vertical  Surface Console Dimensions f o r  Seated Operation 

Figure 8. Depth of Reach fo r  958 of Population 

Figwe 9. Instrumentation Cabinet, Panel Area fo r  Standing 
Operat ions 

Figure 10. Chassis Weight Distribution 

Using the resu l t s  i n  these figures as a design guide, the modular 3D 
mockup design was developed 5y the author and M r .  Donald Bean of Formetrics 
and the  mockup was fabricated by Formetrics of Palo Alto, California. 

Integral  Parts of the  Modular 3 D  Mockup. 

The parts fo r  the modular mockup (see Figure 11) consist of the 

(1) Console base cratings 25'' high X 26-1/4" deep X 21" wide with 

following items : 

2" ad justable legs. 

(2) Console overhang w r i t i n g  shelf, 4 types; single bay, three bays, 
f ive  bays, and wrap around f ive  bay. 

( 3 )  Side panels for  base 21.87" X 28". 

(4)  Front and back panels for  base 21.87" X 19-1/4". 

(5) Side panels fo r  top panel crating 10-1/2" x 20.87", 5-1/4" x 20.87", 
26-3/4" x 20.87". 

(6)  Panel tops 19-1/4" x 20.87". 

(7)  Panel tops (end) 20-1/4" x 20.87". 

(8) Panel tops (f iont)  5-1/4" x l9-1/4". 

(9) snvzll 38' 7.12" X 8-3/4" X 5-1/4" X 19-1/4" panel cratings. 

(10) Large 6 7 O  17-3/4" X 7" X 16-1/4" X 19-1/4" panel cratings. 

(11) Small 5-1/2" high X 19.87" deep X 19-1/4" wide panel cratings. 

(12) Large 10-3/4" high X 19.87" deep X 19-1/4" wide panel cratings. 

(l?) ,- -. Srmll  8-3/4" high X 19" long X 1/4" thick metal panels. 

(14) Small 5-1/4" high X 19" long X 1/4" thick metal panels. 

(15) Large 10-1/2" high X 19" long X 1/4" thick metal panels. 



(16) Large 17-1/2" high X 19" long X 1/4" thick metal panels. 

(17) Various magnet backed controls and displays. 

(18) Snap on f ixtures  fo r  the side panels. 

(19) Wing nuts, screws, clamps, and bol t s .  

(20) Storage cabinets with castors. 

Figures 12  tkough 15 i l l u s t r a t e  some of the configurations which can be 
assembled. Figure 12  shows the  l b a y  and 3 bay console with different  
panels, sloping a t  angles within the desired limits of h m  engineering 
design c r i t e r i a .  I n  Figure 17, the f ive  bay wrap around configuration i s  
shown with a s e t  of s ide panels (blinder-partition) placed between the  
f i r s t  and second bays, and the  fourth and f i f t h  bays. This design elimi- 
nates the odd shape panel area which would be required between these bays 
i f  t he  side panels were not present, and f a c i l i t a t e s  great ly  i n  the 
designing of any wrap around control console. 

The panel face and bay s izes  were designed t o  available standard off-  
the-shelf chassis and enclosure equipment sizes.  
were a l so  based upon standard off -the-shelf equipment dimensions i n  
m l t i p l e s  of 3/4 inch. 

The panel and bay heights 
- 

* The mockup control and displays a re  actual  hardware or face replicas 
t o  scale (e.g.: 
Meters, Raytheon Knobs, etc.)  with magnetic backing, which enables the 
control and display hardware t o  be attached easi ly  t o  the metal panel 
facing. 

Micro Switches, T.V. Monitors, Rototell  Lites,  G.E. 

Other items used with the 3D modular mockup a re  the instant ietierii-y; 
(press-on type), adhesive black tape 1/8", 1/16" ( f o r  bracketing), and a 
Polaroid camera f o r  recording various configurations. 

Mockup Functions. 

The modular 3D mockup was developed t o  f u l f i l l  the  following functions: 

(1) To provide means fo r  f ac i l i t a t i ng  the layout of control and d i s -  
play equipment economically and expeditiously. 

(2 )  To ac t  as a catalyst  i n  designing-developing equipment that i s  
more compatible with the optimal operational capabi l i t ies  of nan. 

(3) To provide means for  3D presentations of control and display 
equipment i n  the desi@ otagej 1~sing a. building block-Erector Set ty-pe 
operation. 

( 4 )  To incorporate humn factors anthropomorphic data (design c r i t e r i a )  
autamrztically into a l l  equipment configured with the modular 3D mockup. 
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( 5 )  To help determine the degree of complexity involved in  an oper- 
a tor’s  tasks-operations, and locate weak operational links i n  the equipment 
design by performing simulated operations with the mockup. 

(6) To help increase operational r e l i a b i l i t y  by having the user sug- 
gest design inputs t’mt are  acceptzble t o  h i s  operational capabili t ies and 
requirements . 

(7 )  To aid i n  the  systemization of operational contingencies of the 
equipment being designed. 

(8) To encourage the  use of standard dimensions, parts, fabrication 
design, e tc . ,  and keep within the original design limits. 

( 9 )  To function as a reusable desfgn t o o l  that is  f lexible  in  
application, with interchangeable parts, easy t o  assemble, and without 
need for  assenibly tools.  

Use of Mockup i n  the  Design of Control and Display Equipment. 

The Process of Designing Control and Display Equipment Using the 3D 
Modular Mockup Method. 

Control and display equipment design using the modular mockup method 
requires that the individual designing the equipment be familiar with the 
operating procedure sequence, o r  i s  an operator f o r  the equipment t o  be 
designed (e.g.: p i lo t ,  navigator, radio operator, sub controller, 
computer operator, e tc . ) .  
operator can a l s o  be made. 

A cooperative e f for t  of both the designer and 

The general overall  length, width, and height of the eqz ipent  are 

haw many display and control 
determined from the nuniber of control and display functions the equipment 
must support and other constraints (e.g.: 
items must be placed on the equipment?, w h a t  a re  the internal  chassis and 
external panel sizes of these controls and displays?, haw many operators 
w i l l  monitor the equipment?, how large or small a f a c i l i t y  area w i l l  the  
equipment be placed in?, e tc . ) .  Once the overall physical s ize  of the 
equipment i s  determined, panel crating modules are  aligned one on top of 
another t o  the desired height, and other modules are  placed side by side 
u n t i l  the  desired length i s  reached. 
onto the crating ver t ica l ly  or w i t h  a sloping panel. 
angles a re  within human engineering design c r i t e r i a  purposely t o  prevent 
t he  designer from deviating from optimal anthropomorphic l imits .  ) 

Then, panel facings are  fastened 
(The bu i l t - i n  panel 

The time required for  mocking up control and display equipment from 
t he  ~~Gi-ihr 32 EO&-LF and parts i s  ainizma1 compred t o  other mockup 
methods, because detail ing of parts and dimensions a re  not required in  
t h i s  s e t  up process. They are a l l  b u i l t  in to  the  par t s .  For example, 
t he  time required t o  se t  up the console she l l  configuration sham in  
Figure 13 was 8 minutes. 
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From t h i s  general point i n  the equipment development cycle, the 
design strategy must become specific and involves the operational sequence, 
f'unctional analysis, and operator contingencies. 
sequence has been established the mgnetized control and display pieces 
a re  placed on the equipment i n  locations based on l ink  analysis, flow of 
operational procedures, and/or ease of operation. When the control and 
display pieces a re  placed suitably on the  equipment panel, bracketing and 
l e t t e r ing  may be added. 
involved with the  modular 3D mock-up method i s  the  l e t t e r ing  of the  panels, 
controls, and display hasdware replicas with pressure sensit ive l e t t e r s .  ) 
A Polaroid camera is  then used t o  take pictures of the  mockup configura- 
t ion  which w i l l  be used Later by the d e t a i l  designer t o  draw specific 
dimensions, and t o  determine e lec t r ica l  wiring requirements, component 
weight distribution, power requirements, etc.  

Once the  operational 

(The most t i m e  consuming and costly process 

After the set of pictures i s  taken, the magnetic control and display 
hardware o r  the mockup can be rearranged t o  alternative design configura- 
t ions for  the same operation, and pictures taken of each new configuration. 
A comparative analysis of the different configurations can then be made 
by the  designer and operator t o  determine the optimal design. 

When the configuration selection has been completed, the 3D mockup 
k i t  parts can be stored i n  the 3 storage cabinets (see Figure 16) and 
rol led away t o  another area requiring the use of the  mockup k i t .  

Mockup Application on a Centrifuge Control Console Design. 
s 

In  configuring the centrifuge control console f o r  the 3Og centrifuge 
a t  Ames, the aforementioned process described i n  using the mockup k i t  
(e.g.: 
and the centrifuge operator. 
were configured indeperdentlyby the author and the operator. 
participant selected a single configuration which he considered optimal 
from his  s e t  of layouts. 
and analyzed as t o  the design philosophy and adequacy of f u l f i l l i n g  the  
operational requirements. Since the individual console layouts were 
almost identical ,  it fac i l i t a ted  the development of a conibined f inal  
configuration with minor modifications (see Figure 17). 

link-analysis, operational flow, etc.)  was used by both the  author 
A set  of centrifuge control console Layouts 

Then each 

The two configuration pictures were then compared 

The par ts  of the design which were not ident ical  were the  location 
of the  emergency stop switch and the placement order of the roll, pitch, 
yaw, horizontal and ver t ica l  controls, and displays. 
s top  switch located in  the "operate start-stop" switching area of the 
operator's configuration was relocated t o  the bottom right hand corner 
of the  console with a small hinged p l a s t i c  cwer  on top of the  switch 
t o  prevent possible activation of the  emergency stop during normal 
operations. 

The emergency 

The placement order of the ro l l , ,p i tch ,  yaw, horizontal and ve r t i ca l  
controls and displays were changed on the author's design (even though 
it reflected the operational procedure that was given t o  the author) 
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because the design did not take in to  account a preoperational checkout- 
maintenance task. Finally, the design of the  console sham i n  Figure 1 7  
was sham t o  others involved i n  equipment selection f o r  t he  centrifuge 
and found t o  be acceptable as a design t o  be considered fo r  fabrication. 

DISCUSSION 

Historically, the mockup of a prototype enters in to  the equipment 
development during the design phase, a f t e r  acceptable design drawings 
have been generated by the  manufacterer. 
the "popular method" i s  used for  design evaluation, cri t ique,  analysis, 
modification, etc. ,  undoubtedly ending i n  a requirement by the user- 
operator, customer, etc., t o  have the manufacturer generate a be t t e r  
design which would be a " l i t t l e  more acceptable.'' 
creates a voluminous amount of work in  the modification of d e t a i l  design, 
specification, r e l i ab i l i t y ,  administrative and manpuwer areas. 
acceptable design mockup i s  fabricated, the equipnent design proceeds t o  
the  production model. 
reused as a promotional display, i f  salvageable. 

(See Figure 1.) The mockup i n  

This design change 

Once an 

A t  t h i s  time, the mockups are  usually discarded or  

- In  the "effective method" the  3D modular mockup is  used as a t o o l  
ear ly  i n  the development cycle ( a f t e r  an operational concept has been 
established) f o r  f ac i l i t a t i ng  decisions on acceptable control and d i s p h y  
equipment design. 
whether it be food, equipment, ideas, or procedures. But  of main concern 
here i s  the acceptance of a design early i n  the equipment development 
cycle s o  t h a t  costly modifications in  design w i l l  not be requested a f t e r  
parts have been cut, equipment dimensions configured, drawings finalized, 
operational hardware ordered, e tz .  
time and money l o s t  t o  compensate f o r  the required design change would. 
more than pay for the  cost of a 3 D  modular type mockup k i t .  In  order t o  
minimize such "happenings" the modular mockup k i t  should be used as a 
device for l e t t i n g  the equipment user, or buyer, suggest possible design 
features they would l i ke  t o  see incorporated into the  equipment design. 
By permitting the user-buyer t o  rearrange the magnetized control and d is -  
play hardware pieces and the pme l  modules into a " l i t t l e  more acceptable" 
design, it greatly increases the  final equipment acceptance probability. 
A t  the same time t h i s  procedure f ac i l i t a t e s  design, reduces production 
time, and minimizes modifications. It i s  generally accepted that one is  
more apt t o  accept an i temwith which he i s  familiar o r  which has 
incorporated h i s  inputs, than with those items which have not had the  
benefit  of h i s  inputs o r  with which he has had no personal association (14). 

- Acceptance problems are always present with any item 

If such a design change occurs, the 

I n  the  f&mication of the  3D mockup module k i t ,  consideration was 
a l s o  given t o  panel facing l i g h t  r e f i e c t a z e  ~ n ~ l e s  from dfffereiit l i gh t  
sources of the working environment ( i .e . :  ceiling, walls, above working 
posit ion,  etc.)  . However, the reflectance problem with 
glass display surfaces no longer appears t o  be a problem with present day 
technology. 

(See Figure 18.) 

Surface reflectance has been decreased t o  less  than 2$ and 
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transmittance, through glass, t o  be t te r  than 96%. 
coatings on glass i s  somewhat affected, though, by l i gh t  from di f fe ren t  
angles of incidence.) 

(The effectiveness of 

The importance of having the operational control and display equip- 
ment i n  a properly illuminated operational envirorrment was a lso  realized, 
therefore, a working environment illumination requirements guide was com- 
piled (see Table I) (1,2,3,8,9,10,15) t o  minimize any possible washout 
e f fec ts  of displays, and t o  help provide proper surround illumination f o r  
maintaining acceptable contrast ra t ios  of the displays, e tc .  

There i s  a final point that can not be l e f t  unsaid. T h a t  i s  t h i s  - 
when aus te r i ty  occurs i n  any design or developmental contract or during 
contract negotiations, one of the first e f for t s  usually t o  be considered 
fo r  omission f r o m  the proposed t o t a l  e f fo r t  is the  hunvss factors mockup 
e f fo r t  which i s  erroneously regarded as something l i k e  the deluxe t r im 
package fo r  cars. 
only when extra monies a re  available. This stigma on the usef'ulness of 
mockups i s  very much in error  i n  certain industr ia l  practices. Persons 
requesting the deletion of a mockup effor t  a re  not t r u l y  cognizant of 
t he  value of mockup design analysis. 
involved i n  the design analysis i s  expensive i n i t i a l l y  but money saving 
i n  the long run. The immediate impct  of the  usefulness of the mockup 
design analysis a r e  not plainly visible,  and the  long las t ing  or econom- 
i c a l  e f fec t  can not be f i l l y  appreciated u n t i l  it has been evaluated i n  
use. Shortcomings i n  design, equipment s ize ,  possible Operational 
sequencing problems, etc. ,  which may not be readily v is ib le  on paper and 
pencil  analysis, may standout i n  mockup methods, saving the customer the 
time and design modification costs, e tc . ,  t ha t  can easi ly  cost more than 
the  mockup ef for t .  

One could l i v e  without it and should be considered 

The value of the  mockup ef for t  

- 

A general summary on the usefulness, costs, advantages, disacivantages, 
e tc . ,  of different mockup methods are compared i n  Table 11. 

The modular 3D mockup technique has been demonstrated t o  be the 
middleground between the user and the designer of the equipment. 
mockup method helps the designer t o  see easily,  without operational 
hawledge, w h a t  the operator is trying t o  convey. 

The 

The modular 3D mockup method is: 

(1) An effective and a necessary communication l ink  between the  user 
and designer in ~ S - C C ~ ~ E I S ~ ~ & L  deslgn of eqdipent .  

(2)  Versati le i n  application. 

(3) Flexible i n  configuration and design. 



10 

( 4 )  Economical i n  cost, and 

( 5 )  A time saver i n  design development compred t o  other mockup 
methods. 
(16), i s  too  involved f o r  each mockup process, limited i n  specif ic  use, 
costly i n  operation, etc.  

A new technique, such as the &tes t  vacuum formed mockup method 

There is  no l i m i t  t o  how t h i s  mockup method could be used (e.g.: air-  
c ra f t  instrumentation panels, computer control consoles, home appliance 
control panel, car-boat -sub -tank control areas , radio-radar equipment, 
e tc . ,  see Figure 19) saving time and money i n  the design and development 
process. 

There a l so  ex is t s  a great potential  with t h i s  3D mockup k i t .  That 
i s ,  t he  k i t  i t s e l f  can be made an economical source ( l ibrary)  of the state- 
of-the-art magnetized controls and displays, which can greatly f a c i l i t a t e  
the  updating or  the future planning of control and display systems-equipment. 

This modular 3D method should become one of the permanent tools  fo r  
the designers, operators, and human factors  engineers involved i n  the design 
and developnent of control and display equipment. 
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VISUAL LIMIT 
(LIGHTS BELOW THIS LEVEL CAUSE GLARE) 

L I M I T  OF CONTROLS REACHED 
(WITHOUT BODY BENDING ) 

MAXIMUM VIEWING ,,,('<SLIMIT OF EASILY REACHED CONTROLS 
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Figure 3. Recommended console dimensions and panel angles. 
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MAXIMUM VIEWING AREA OF 70' 
WITH EYE ROTATION ONLY 

*28" IS MAXIMUM WHEN VIEWING IS LIMITED 
BY REACH (CONTROL AND DISPLAY 
RELATIONSHIP). VIEWING DISTANCE YAY BE 
EXTENDED PROVIDED DISPLAY I S  
PROPERLY DESIGNED. 
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Figure 5. Optimum visual and control areas in relation to "see-wvei=" 
console dimension requirements - top view. 

view. 

(0 

M 

i 
n 

2 0 c  
h 
e 
S 

IO 

0 

NATIONAL AERONAUTKS AND WAC€ ADMWISTRATION 
AWES REYARCH CENIER, MO(FEll F!fLD. CALIFORNIA 



L 

CONTROL 
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Figure 6. Wrap-around console dimensions for seated operation. 
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Figure 7. Vertical surface console dimensions for seated operation. 
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DEPTH OF REACH 
DECREASES TO APPROX 

14'AT EYE LEVEL AN0 
WAIST LEVEL DUE TO 
ARM BENDING AROUND 
CHASSIS PANEL FRONT 

CONTROLS 

LIGHT SUPPORT PANELS, 
RACK POWER SWITCH, 

EQUIP RUNNING TIME, ETC 

AREA FOR CONTROLS 

PREFERRED AREA 
FOR PRECISION 

CONTROLS 
(FREQUENT 
OPERATION) 

57' 

34' 

AREA FOR HEAVY 
SUPPORT EQUIPMENT 

(BLOWERS, STORAGE, ETC) 
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Figure 8. Depth of reach for Figure 9. Instrumentation cabinet, panel area 

95% of population. 
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Figure 10. Chassis weight distribution. 
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